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The modulation of calcium binding by the EF-hand motifs present in a calmodulin (CAM)
homologue, a calcium binding protein (CaBP) from Entamoeba histolytica by three external
parameters-pH, ligand coordinator EGTA, and fragmentor voltage was investigated by mass
spectrometry. Calcium binding follows expected patterns at highly acidic and alkaline pH with
the preponderance of the apo and the completely saturated forms, respectively. Surprisingly,
additional nonspecific binding is observed near neutral pH. Studies on EGTA chelation and
effects of fragmentor voltage showed cooperativity in calcium removal in at least one of the
domains. Similar studies on a smaller construct containing the two high affinity carboxy
terminal sites revealed interesting differences and provided an estimate of the specificity and
tolerance of the EF-hand motifs to calcium binding and removal. (J Am Soc Mass Spectrom
2001, 12, 1296–1301) © 2001 American Society for Mass Spectrometry
The role of calcium in intra-cellular and extra-cellular processes has been elucidated in consid-erable detail [1–4]. Many different calcium-bind-
ing proteins are found within living systems with
varying specificity and geometry of metal ion binding.
The sensitivity of the EF-hand, i.e., the variation in the
titratibility of four similar sets of ligand coordinators
with the environment in which they are present, could
possibly account for the selection of EF-hand, as op-
posed to random stretches of the polypeptide chain
involving serendipitous arrangements to facilitate cal-
cium binding. This sensitivity is also reflected in the
stoichiometry of calcium binding reported for several
EF-hand proteins under different experimental condi-
tions. Electrospray ionization mass spectrometry (ESI-
MS) is a useful tool to study the number of ligand
binding sites within a protein molecule [5]. It is an ideal
technique to identify noncovalent interactions, since the
soft ionization method used to transfer ions from the
solution to the gas phase ensures the retention of the
near ground state energy. This has therefore yielded
information on the number of binding sites present in
some proteins [6–10].
In this article, we report mass spectrometric studies
performed on a CaBP from E. histolytica to determine
the proportions of calcium bound species as a function
of variable environment. CaBP, like the archetypal
CAM, has two domains, each containing two canonical
calcium binding EF-hand motifs separated by a central
linker [11]. The sequences of the four binding sites are
illustrated below:
Loop 1 (N Terminal Domain) D V N G D G A V S Y E E
Loop 2 (N Terminal Domain) D A D G N G E I D Q N E
Loop 3 (C Terminal Domain) D V D G D G K L T K E E
Loop 4 (C Terminal Domain) D A N G D G Y I T L E E
We have used three different parameters, pH,
ligand chelator EGTA, and fragmentor voltage to
monitor the differential response to calcium coordi-
nation at the four sites. These experiments also yield
information on the broad range of pKa’s that the
ligand coordinators seem to assume as components of
the protein, which in turn provides a measure of the
tolerance limits inherent in EF-hands to specifically
bind calcium. ESI-MS has also been used to monitor
the time course of metal ion flux out of the protein
[12], which reflects the differences in the kinetic
behavior at the different sites. The differential stabil-
ity of these sites has also been monitored as a
function of the fragmentor voltage providing a qual-
itative estimation of their stability in the gas phase.
Similar studies have also been carried out on a
smaller construct containing the carboxy terminal
EF-hand pair of CaBP (D-CaBP) which was reported
to bind to calcium with high affinity when a part of the
intact protein [11].
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Experimental
Cloning, Expression, and Purification
The cloning, expression, and purification of the intact
CaBP have been reported earlier [13]. Polymerase
chain reaction was used to obtain the gene sequence
coding for the carboxy terminal domain region of
CaBP. Expression and purification of this protein was
carried out by using a protocol essentially similar to
that for the intact protein except that the cells were
grown at 25 °C in lieu of 37 °C. Protein concentrations
were determined using an extinction coefficient of 2980
M1 cm1 at 280 nm.
Mass Spectrometry Measurements
The protein was analyzed by ESI-MS using a Hewlett
Packard Series 1100 MSD (Palo Alto, CA, USA) mass
spectrometer. The machine was calibrated before re-
cording the spectra using five calibrants (supplied by
the manufacturer) across a 100–3000 m/z range. The
solvent flow of the system was 10 mM ammonium
acetate solution with the pH adjusted to the desired
value (pH 2.0–11.0). The flow rate was maintained at 25
l/min. A final protein concentration of 1 mg/ml was
used in all the studies. The protein was saturated with
calcium (approximately tenfold molar excess), dialyzed
against the running solvent (of the desired pH) for 12 h
with three changes to remove the excess salt. A typical
injection volume was 5 l. The positive ion mode was
used to acquire data below pH 5.0 and the negative ion
mode for all higher pH values. Molecular weights of
various species were determined by deconvolution of
the spectra in the appropriate ion mode using a mini-
mal of five ions. The reported values are the average of
three experiments. For the metal ion flux study, calcium
saturated CaBP was dissolved in pH 7.0 buffer. EGTA
was then added at a concentration of 5–10 mM and
Ca2 removal was monitored by acquiring data at
different time points. In a similar study using D-CaBP,
EGTA was added at a concentration of 2–10 mM. The
skimmer potential in these experiments was dynami-
cally ramped using the fragmentor voltage parameter of
Chemstation software provided by the instrument man-
ufacturer. Ramping was between 50–150 V across a m/z
range of 500–1500. In the study of the protein as a
function of the fragmentor voltage, the value was fixed
for each run. This experiment was carried out at pH 7.0.
All the above studies were done at room temperature.
Results and Discussion
Effect of Change in pH
The typical mass spectrometric profiles for the binding
of metal ions to CaBP at few of the pH values are shown
in Figure 1. The complete results of these measurements
are compiled in Table 1. The values correspond to the
total area under all the peaks of the deconvoluted
profile scaled to unity. At pH 3.0, as expected, CaBP
was mainly in the unbound form (0 CaBP) as the ligand
coordinators would be in the protonated state. But even
at this low pH the calcium bound species (one and two
calcium bound; 1 CaBP and 2 CaBP, respectively) were
not altogether absent. At the extreme acidic pH of 2.0,
however, only the apo form of the protein was present.
At pH 5.0, only fully saturated CaBP (4 CaBP) was seen,
implying that all the sites were in a calcium coordinat-
ing state. Interestingly, an additional fifth binding site
(5 CaBP) was seen at pH 7.0. The appearance of addi-
tional sites around physiological pH is surprising as the
Figure 1. Typical ESI mass spectrometric profiles of CaBP in 10
mM ammonium acetate at different pH values.
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CaBP sequence shows the presence of only four puta-
tive EF-hand motifs. Thus, although calcium may prefer
binding to an EF-hand because of its favorable geome-
try, it nevertheless might bind to regions outside this
motif too. Similar apparent ambiguities in calcium
binding have been observed earlier in some other
members of the EF-hand family of proteins [14]. In
another study using isothermal titration calorimetry
(ITC) with CAM as the model system [15], stoichiome-
try values varying between 6–8 were reported.
Non specificity of calcium binding to this protein
was ruled out independently by comparing two struc-
turally homologous proteins with molecular weights
close to that of CaBP:  lactalbumin (binds calcium,
MW 14.2 kDa) and hen egg white lysozyme (does not
bind calcium, MW 14.4 kDa). Calcium binding was
detected only in the case of lactalbumin and not ly-
sozyme (data not shown) under identical electrospray
conditions and calcium concentrations.
The results of the same study with D-CaBP are given
in Table 2. At the pH value of 5.0 and above the D-CaBP
showed the presence of four; 0-, 1-, 2-, and 3-calcium
bound species, represented as 0 D-CaBP, 1 D-CaBP, 2
D-CaBP, and 3 D-CaBP, respectively. Thus the carboxy
terminal domain, as a separate entity, exhibited more
variation than the intact protein, which forms a homog-
enous component at higher pH.
Metal Ion Flux by EGTA
Data acquisition after the first minute following the
addition of EGTA showed the abundance of only the
0-(14825 Da), 1-(14862 Da), and 2-(14901 Da) calcium
bound CaBP. In addition, EGTA (MW 380.4) adducts of
the 1-(15242 Da), 2-(15281 Da), and 4-(15357 Da) calcium
bound CaBP were also observed. Surprisingly, no 3-cal-
cium CaBP-EGTA adduct (15319 Da) was present. The
charge state distribution at t 1 min is shown in Figure
2. The deconvoluted spectra at different time intervals is
shown in Figure 3. This seems to indicate a cooperativ-
ity in calcium loss at two of the sites in the protein, i.e.,
removal of calcium at one of the four sites leads to loss
at a second site also. Thus, these two sites seem to exist
in calcium bound or free state simultaneously. That this
is not just a concentration effect is apparent from the
absence of the 3 CaBP–EGTA adduct, implying that
once EGTA binds to 4 CaBP and chelates off one of the
calciums, the resultant 3 CaBP immediately loses one
more. Also, the 1-calcium bound CaBP–EGTA adduct
Table 1. Change in abundance of various calcium bound species of CaBP with pH
Type of species
(expected MW)a
Relative abundance of various species (observed MW)b
pH 2.0 pH 3.0 pH 5.0 pH 7.0 pH 9.0 pH 11.0
5 CaBP 0.00 0.00 0.00 0.36  0.010 0.00 0.00
(15013 Da) (15011 Da)
4 CaBP 0.00 0.00 1.00  0.000 0.64  0.010 1.00  0.000 1.00  0.000
(14975 Da) (14973 Da) (14973 Da) (14975 Da)
3 CaBP 0.00 0.05  0.010 0.00 0.00 0.00 0.00
(14937 Da) (14938 Da)
2 CaBP 0.00 0.09  0.010 0.00 0.00 0.00 0.00
(14899 Da) (14898 Da)
1 CaBP 0.00 0.20  0.010 0.00 0.00 0.00 0.00
(14861 Da) (14862 Da)
0 CaBP 1.00  0.000 0.67  0.010 0.00 0.00 0.00 0.00
(14823 Da) (14821 Da) (14823 Da)
aThe 5-, 4-, 3-, 2-, 1- and 0-calcium bound CaBP are represented as 5 CaBP, 4 CaBP, 3 CaBP, 2 CaBP, 1 CaBP and 0 CaBP, respectively.
bThe values reported are the mean  standard deviation with n  3.
Table 2. Change in abundance of various calcium bound species of the carboxy terminal domain of CaBP (D-CaBP) with pH
Type of species
(expected MW)a
Relative abundance of various species (observed MW)b
pH 2.0 pH 3.0 pH 5.0 pH 7.0 pH 9.0 pH 11.0
3 D-CaBP 0.00 0.00 0.07  0.010 0.11  0.003 0.15  0.008 0.10  0.003
(6741 Da) (6737 Da) (6740 Da) (6739 Da) (6740 Da)
2 D-CaBP 0.00 0.00 0.10  0.008 0.33  0.003 0.38  0.002 0.39  0.003
(6703 Da) (6700 Da) (6702 Da) (6701 Da) (6702 Da)
1 D-CaBP 0.00 0.19  0.013 0.25  0.008 0.27  0.002 0.30  0.006 0.24  0.001
(6665 Da) (6664 Da) (6661 Da) (6663 Da) (6664 Da) (6663 Da)
0 D-CaBP 1.00  0.000 0.81  0.013 0.58  0.012 0.29  0.003 0.17  0.003 0.27  0.010
(6627 Da) (6626 Da) (6626 Da) (6624 Da) (6626 Da) (6626 Da) (6626 Da)
aThe 3-, 2-, 1- and 0-calcium bound D-CaBP are represented as, 3 D-CaBP, 2 D-CaBP, 1 D-CaBP and 0 D-CaBP, respectively.
bThe values reported are the mean  standard deviation with n  3.
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persisted long after the disappearance of all other
adduct species.
In contrast, when the same experiment was repeated
with D-CaBP, within the first minute of EGTA addition
all calcium ions were effectively removed (data not
shown). This was true even for the lowest concentration
of 2 mM EGTA that was tried. At lower concentrations,
EGTA showed no appreciable effect.
Effect of Fragmentor Voltage
The change in the fractional population of various
calcium bound species of CaBP in the gas phase plotted
as a function of the fragmentor voltage is shown in
Figure 4a. The relative population of the species re-
mained almost constant until 200 V. Beyond this, 4
CaBP seemed most susceptible to the increase in voltage
with its fraction reducing continuously till it became
almost negligible at 450 V. On the other hand, the
population of 3 CaBP remained nearly constant
throughout the voltage range examined. Both 2 CaBP
and 1 CaBP showed similar trends, with a linear in-
crease until 350 V and a constant population thereafter.
The fraction of apo CaBP (0 CaBP) increased till about
350 V and then remained constant. Thus, a similar
cooperativity as observed in the metal ion flux study
seemed to exist in the stability towards the increase in
fragmentor voltage also. The same experiment, when
repeated with D-CaBP, showed that the fall in the
fractional population of 2 D-CaBP leads to a concomi-
tant increase in the population of 0 D-CaBP (Figure 4b).
The fractional population of 1 D-CaBP did not vary
much. This observation also seems to indicate cooper-
ativity in calcium binding.
Conclusions
The EF-hand calcium binding motifs appear to have
been tuned to perform varied tasks, either as isolated
entities or in tandem with other EF-hands. An under-
standing of the structure–function relationships of these
motifs, in the context of the proteins in which they
occur, could elucidate mechanisms responsible for their
functional variation. Examination of the EF-hand, per
se, reveals that the loop region, which is mainly respon-
sible for binding to calcium, has the consensus ligand
coordinators at positions 1, 3, 5, 7, 9, and 12, with
positions 1 and 12 almost inevitably being Asp and Glu,
respectively. The ionization state of the side chains of
Figure 2. Typical ESI mass spectrometric profile obtained 1 min
after the addition of EGTA to CaBP with the charge state distri-
bution.
Figure 3. The deconvoluted spectra showing the variation in the
kind of calcium bound species present on calcium ion flux from
CaBP by EGTA monitored as a function of time; 2 CaBP (14901
Da), 1 CaBP (14862 Da), 0 CaBP (14825 Da), 4 CaBP–EGTA (15357
Da), 2 CaBP–EGTA (15281 Da), and 1 CaBP–EGTA (15242 Da).
Note the disappearance of most CaBP–EGTA adducts (clustered
on the right side of each spectrum) within the first 5 min. The 4-,
3-, 2-, 1-calcium bound, and apo form of CaBP are represented as
4 CaBP, 3 CaBP, 2 CaBP, 1 CaBP, and 0 CaBP, respectively.
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coordinating residues (Asp and Glu) would critically
determine the saturation state of the particular metal
ion-binding site. The pKa value normally assigned to
the aspartic side chain is 4.0 and that for glutamic acid
is 4.4. However, it is well known that in a folded
protein, the pKa of titrable side chains show large
deviations from that expected of small model com-
pounds with similar groups [16]. In spite of this known
variability, it is surprising that at the low pH of 3.0,
there existed a population of partially/fully saturated
states. Also, each of the sites seems to behave differ-
ently, with only three sites in a state favorable for
calcium binding at the low pH. The consistent appear-
ance of bound sites at almost all the pH values studied
indicates that the calcium sites per se do not lose their
binding ability, suggesting a considerable retention of
solution state conformational memory during desolva-
tion/ionization in electrospray, especially near the vi-
cinity of calcium binding. Thus, the EF-hands seem to
be equipped to tolerate a large degree of environmental
stress with respect to calcium binding. In the case of
CaBP, the presence of an additional fifth calcium bind-
ing was observed only around pH 7.0. The carboxy
terminal domain alone also showed an additional cal-
cium binding site, but it persisted over a much wider
pH range. This indicates that the domains, as isolated
entities, may not be highly specific and the central
linker (between the two domains) may contribute to the
specificity. That the linker plays a prominent role in
modulating the interaction of this protein with target
molecules has been studied using model peptides [17].
The variation in occupancy at the different calcium
sites in CaBP in the presence of the metal chelating
EGTA and increase in fragmentor voltage showed prob-
able cooperative interaction between these EF-hands.
D-CaBP containing a pair of EF-hands seemed to exhibit
a similar cooperative interaction. Also, it showed ex-
tremely low retention time with respect to calcium
removal in the presence of EGTA. Although not a true
reflection of solution phase behavior, ESI-MS does
provide useful insights into the versatility of the EF-
hands. Thus, EF-hands serve as examples of the evolu-
Figure 4. (a) Change in the fraction of various calcium bound forms of CaBP with the change in
fragmentor voltage. The 4-, 3-, 2-, 1-, and apo form of CaBP are represented as 4 CaBP, 3 CaBP, 2 CaBP,
1 CaBP, and 0 CaBP, respectively. (b) Change in the fraction of various calcium bound forms of
D-CaBP with the change in fragmentor voltage. The 2-, 1- and apo form of D-CaBP are represented as
2 D-CaBP, 1 D-CaBP, and 0 D-CaBP, respectively.
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tion of a remarkably specific and finely tuned mode of
binding to a small inorganic cation which should in
principle be capable of high nonspecific binding.
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